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ABSTRACT 

Context. Owing to their wavelength dependent absorption and scattering properties, clouds have an important influence on spectral 
albedos and planetary reflection spectra. In addition, the spectral energy distribution of the incident stellar light determines the de- 
tectable absorption bands of atmospheric molecules in these reflection spectra. 

Aims. We study the influence of low-level water and high-level ice clouds on low-resolution reflection spectra and planetary albedos 
of Earth-like planets orbiting different types of stars in both the visible and near infrared wavelength range. 

Methods. We use a one-dimensional radiative-convective steady-state atmospheric model coupled with a parametric cloud model, 
based on observations in the Earth's atmosphere to study the effect of both cloud types on the reflection spectra and albedos of Earth- 
like extrasolar planets at low resolution for various types of central stars. 

Results. We find that the high scattering efficiency of clouds substantially causes both the amount of reflected light and the related 
depths of the absorption bands to be substantially larger than in comparison to the respective clear sky conditions. Low-level clouds 
have a stronger impact on the spectra than the high-level clouds because of their much larger scattering optical depth. The detectability 
of molecular features in near the UV - near IR wavelength range is strongly enhanced by the presence of clouds. However, the de- 
tectability of various chemical species in low-resolution reflection spectra depends strongly on the spectral energy distribution of the 
incident stellar radiation. In contrast to the reflection spectra the spectral planetary albedos enable molecular features to be detected 
without a direct influence of the spectral energy distribution of the stellar radiation. Here, clouds increase the contrast between the 
radiation fluxes of the planets and the respective central star by about one order of magnitude, but the resulting contrast values are still 
too low to be observable with the current generation of telescopes. 

Key words, stars: planetary systems, atmospheric effects, astrobiology 
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04 ■ 1. Introduction signals of surface vegetation ("vegetation red edge") are 

C*") ' present in the spectr al albedo of Earth. Howe ver, as pointed 

qq ! The energy budget of terrestrial planetary atmospheres is deter- out by for instance lArnold et ail d2002h and lHamdani etldl 

q . mined by the balance between the radiative losses of thermal d2006l). this spectral featur e can e asily be concealed by clo uds. 

; radiation from the planetary surface and atmosphere to space Montanes -Rodrfguez et ail d2006l) and iTinetti et all d2006d) in- 

t-H ! and the absorbed incident stellar radiation. Clouds have a large vestigated the detectability of vegetation signatures of extrasolar 

•• ■ impact on this energy budget, hence on the planetary climate planets, concluding that clouds play a crucial role for these sig- 

. ^ \ and habitability (i.e. the possible existence of liquid water on the natures in the reflection spectra. Thus, apart from the scattering 

^> , planetary surface). They reflect incident radiation from the cen- characteristics of different planetary surface types, the presence 

■ tral star back to space (albedo effect), but also reduce losses of of clouds has been found to be one of the most important factors 

03 \ thermal radiation to space (greenhouse effect). As a direct conse- controlling the form of the reflection spectra. 

quence, clouds also have a large impact on the planetary spectra. Depending on the type and amount of clouds, reflection 

They diminish the thermal IR emission from the planet, while spectra allow for the det ection of several important atmo- 

also affecting the reflected incident stellar radiation at near UV spheric chemical species dTinetti et alJ 120063: iTurnbull et al.1 

(NUV) to near IR (NIR) wavelengths of the planetary spectrum 2006) Corresponding calculations of synthetic high-resolution 

by increasing the amount of back-scattered stellar radiation. reflectance spectra of Earth including th e effects of different 

Our planet Earth provides a unique opportunity to explore cloud types have been performed by e.g. [finetti et al. (2006b) 

the detectability of spectral signatures of atmospheric chem- and compared to satellite measurements of the reflection spec- 

ical species in the presence of clouds. Observations of the trum of Earth. Different surface characteristics, solar zenith an- 

spectral albedos and reflection spectra of Earth in the visi- gles, satellite viewing angles, cloud types, and measured atmo- 

ble (VIS) and NIR wavelength range are often done via earth- spheric temperature profiles were used bv lTinetti et alJ (|2()06b) 

shine observations, i.e. by analysin g the spectrum of Earth re- to calculate the synthetic reflection spectra over single points 

fleete d by the lunar surfa c e (see e .g. Mont afiis-Rodriguez et alJ of the Earth su rface with a line-b y -line r adiati ve tran s fer cod e 

120051: IWoolf etalJ 120021: lHamdani et al. 2005). In principle, (SMART, see iMeadows & Crisnl d!996h and ICrisd d!997h ). 
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These single spectra were then disk-integrated using the ob- 
servational setup of the satellite measurements (Earth illumina- 
tion by the Sun, satellite viewing angle, etc.) to obtain the disk- 
averaged reflection spectrum as seen by the satellite. These ob- 
servations and synthetic spectra show that clouds can strongly 
increase the spectral albedo in the visible wavelength and also 
considerably alter the shape of the spectrum compared to the 
clear-sky case. The spectral features of molecules detectable in a 
low -resolution reflection spectrum of a clou d-free habitable, ter- 
restria l extrasolar planet were discussed bv lKaltenegger & Selsisl 
(2009). Approximations for the effects of clouds were also 
included in the calculated spectra for different evolutionar y 
stages of the Earth atmosphere by iKaltenegger et al.1 (120071) . 
However, multiple scattering by cloud particles was not consid- 
ered. Spectra for different present-day Earth clouds were instead 
added to the clear-sky radiative transfer calculations. The atmo- 
spheric profiles used to calculate the spectra were taken from 
(cloud-free) at mospheric model calcula tions published by vari- 
ous authors (see Kaltene gger et al.l (120071) for details). 

Investigating the polarised radiation scattered by clouds in 
contrast to the unpolarised stellar radiation provides another op- 
portunity to characterise cloudy exoplanetary atmospheres. The 
effects of clouds on these polarisat ion spectra of e xtrasolar plan- 
ets we re studied among others bv lStamld2008l) and lKaralidi et al.l 
(1201 ll) . who demonstrated that cloud properties (e.g. shape, size) 
can be obtained from polarisation spectra. 

To complement these studies of the atmospheres of ter- 
restrial planets, the effects of clouds on thermal emission, 
transmission, and reflection spectra have been studied in the 
atmospheres of br o wn dwarfs or giant exoplanets (see e.g . 
de Kok et al.l(l201 ll) iBurrows et al.l(l2008l) . lMarlev et alJ(ll999h . 
Sudarskv et all (120001) . or iHelling et ail (|2008j) for details). 
However, these kinds of atmospheres conceptually differ from 
those of terrestrial planets in terms of e.g. atmospheric composi- 
tion and structure, boundary conditions (e.g. existence of a plan- 
etary surface), chemistry, and the properties of the condensating 
species, such that a direct comparison with these atmospheres 
is difficult. Nonetheless, effective cloud formation in these at- 
mospheres can, for example, also significantly alter the thermal 
emission and reflection spectra of these objects by means of both 
the scattering and absorption of radiation caused by cloud parti- 
cles. 

In this paper, we study the influence of low- and high-level 
clouds on the reflectance spectra and spectral albedos of Earth- 
like planets in the visible and NIR wavelength range at low reso- 
lution. A one-dimensional (ID) steady-state radiative-convective 
atmospheric model is used in the model calculations. The model 
accounts for two different cloud layers (low-level water droplet 
and high-level ice particle clouds) and for the partial overlap of 
these two layers. A more detailed model description is given in 
Sect. |2] To verify the applicability of our modelling approach, 
this coupled cloud-atmosphere model is applied to the modern 
Earth atmosphere and its spectral appearance, as described in 
Sect. [3] The resulting reflection spectra and spectral albedos of 
Earth-like planets orbiting different types of central stars and 
their implications for the detectability of characteristic molec- 
ular signatures are presented in Sect. [4] 

2. Details of the model 

The impact of clouds on the thermal IR emis sion spectra was in- 
vestigated in detail bv lKitzmann et al.l (1201 ll) (henceforth called 
Paper II) for Earth-like planets around different types of stars. 
However, clouds also affect the reflected incident stellar radia- 
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Fig. 1. Incident stellar spectra for the different central stars. Each 
radiation flux is scaled to the distance where the total stellar en- 
ergy input at the top of the planetary atmosphere equals the solar 
constant. The high-resolution spectra have been obtained from 
measurements in the UV and complemented at longer wave- 
lengths with synthetic spectra. The high-resolution spectra have 
been binned according to the spectral resolution of the radiative 
transfer used in the atmospheric model (see text). 



tion in the short wavelength range, from the NUV to NIR, of the 
planetary spectrum. We study here the influence of clouds on 
planetary reflection spectra at low resolution using a ID steady- 
state radiative-convective atmospheric model developed to ac- 
count for the radiative effects of multi-layered clouds and their 
impact on t he surface temperature in atmospheres of Earth-like 
planets (see lKitzmann et aLll2010l Paper I, for details). 

We adopt a parameterised description of two different cloud 
layers, low-level droplet and high-level ice particle clouds, 
that is derived from in-situ measurements of the respective 
cloud type in the atmosphere of Earth. This cloud model is 
included into the or iginally cloud-free atmosphe ric model of 
iKasting et al.l (1 19841). in its fo rm developed by iPavlov et alJ 
(120001) and ISegura et all d2003l) . To limit the number of cloud 
parameters, the minimal possible partial overlap of both cloud 
layers is assumed in the calculations unless otherwise stated. The 
altitude of each cloud layer is not simply fixed in height, but it- 
eratively adjusted to match the corresponding measured Earth 
pressure values (low-level water cloud: 0.83 bar, high-level ice 
cloud: 0.27 bar). The freezing limit of the water droplets and the 
limiting temperature for liquefying the ice particles determine 
the range of temperatures for which our method is valid (cf. 
Paper iJJ For all calculations, the same chemical composition 
of the atmosphere is assu med, which is chosen to represent mod- 
ern Earth conditions (see lGrenfell et al.ll2007l) . The treatment of 
the radiation transfer problem in the atmospheric model is op- 
timised for the ener gy transport in Earth-like atmospheres (e.g. 
Mlaw er et al 1 [l997l) . As usual, the calculation of the radiation 
transport is divided into two spectral parts. The first part treats 
the absorption and scattering of incident solar radiation in the 
short wavelength regime, the second handles the absorption and 
emission of thermal radiation from the planetary surface and at- 
mosphere, including the multiple scattering caused by cloud par- 
ticles. The plane-parallel radiative transfer equation in the short 
wavelength reg ime is solve d by applying a <S-two-stream quadra- 
ture approach dToon et al.lll989l) . which uses 38 broad spectral 
intervals between 0.238 fim and 4.55 fim with variable spectral 
resolution (10 <R< 100). These intervals define the spectral res- 
olution of the planetary spectra presented here, which are ob- 



1 Note that other atmospheric feedback effects on the clouds are not 
explicitly taken into account. 
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tained directly from the radiative transfer calculations of the at- 
mospheric model. The molecular absorption of H2O, CO2, O2, 
O3, and CH4 is treated with four-term correlated-A; coefficients 
(cf. [Segura et aD [2003h . Rayleigh scattering is considered for 

02, N2, and CO2 in this wavelength region. A description of the 
IR radiation transport treatment and the resulting thermal emis- 
sion spectra is given in Paper II. In addition to the gas opacities, 
the frequency-dependent optical properties of the cloud particles 
were previously introduced into the radiative transfer schemes 
including multiple scattering (Paper I). 

To account for different coverages of multi-layered clouds 
and their partial overlap (being non uni-dimensional quantities) 
in a ID atmospheric model, we use a flux-averaging procedure, 
where the radiative transfer problem is solved for every dis- 
tinct cloud configuration separately. By averaging these radia- 
tion fluxes weighted with the respective cloud cover values, the 
mean radiative flux is obtained, which then enters into the atmo- 
spheric model calculations (see Paper I for details). 

Four different central star types are considered in the model 
calculations: F2V, G2V, K2V, and M4.5V-type stars. The sample 
of stars used for the calculations are the F-dwarf cr Bootis (HD 
128167), the Sun, the young active K-type star e Eridani (HD 
22049), and the M-type dwarf star AD Leo (GJ 388). The spec- 
tra for the F, K, and M-type stars were obtained from measure- 
ments in the UV by the IUE satellite and were complemented 
at longer wavelengths with synthetic spectr a (see Paper I for de- 
tails). In addition, the optical spectrum from Pett ersen & Hawlevl 
dl989l) between 335 .5 nm and 900 nm and the NIR spectra of 
Legg ett et al.l d 19961) are used for the M-s tar. For the Sun, a mea- 
sured high-resolution spectrum is used dGuevmardl |2004|) . We 
note that in general synthetic spectra of different stellar models 
may displ ay considerab le differences in the spectral lines (see 
e.g. lSinclair et al.l ((2010) for an intercomparison of stellar model 
spectra). The incident stellar fluxes are scaled by varying the or- 
bital distances, such that the energy integrated over each incident 
stellar spectrum equals the present Total Solar Irradiance (TSI) 
at the top of the atmospheres. The corresponding stellar spectra 
were binned to the spectral intervals of the radiative transfer and 
are shown in Fig. Q] According to Paper I, the orbital distances 
of the Earth-like planets are 1 .89 AU (F-type star), 1 AU (G-type 
star), 0.61 AU (K-type star), and 0.15 AU (M-type star). 

In our model, the measured terrestrial value of the global 
mean surface albedo (0.13) is used. A tuned surface albedo is 
sometimes used to mimic the effect of clouds on the surface tem- 
perature in cloud-fre e model calculations of E arth-like planetary 
atmospheres (see e.g. lSegura et al. 2003, 2005). This adjustment 
is only feasible if the value of the resulting surface temperature 
is prescribed as, for example, the measured global mean surface 
temperature of Earth (288 K). In contrast to this tuning approach, 
the planetary surface temperature is a result of the calculations 
in the case of an atmospheric model including clouds. 

3. Reflection spectrum of Earth influenced by high 
and low-level clouds 

To assess the applicability of our model for the calculation of 
reflection spectra of Earth-like planets around different types 
of central stars, we study at first the resulting spectra obtained 
for the Earth model introduced in Paper I. With the observed 
mean cloud coverages (39.5% low-level clouds, 15% high-level 
clouds, and a 7% overlap of both cloud layers), the measured 
global mean surface temperature of Earth (288 K) is reproduced 
by our model. The clear sky calculation results in a surface tem- 
perature of 293 K, which is clearly too high (see Paper I for a 




wavelength (nm) 

Fig. 2. Planetary spectra at the top of the atmosphere of the 
Earth model from near UV to IR wavelengths. The dashed line 
marks the clear sky case, the solid line indicates the results for 
a mean Earth cloud cover (39.5% low-level clouds, 15% high- 
level clouds, 7% overlap of both cloud layers). 

detailed discussion of the effects of clouds on the surface tem- 
perature). 

Mid-level clouds are omitted in the cloud model as most of 
them have been reported to be radiatively neutral in the Earth 
atmosphe re, i.e. their greenhouse and alb edo effect balance each 
other (see lPoetzsch-Heffter et all d 19951) and Paper I&II for de- 
tails). However, the neglect of the mid-level clouds yields less 
back-scattered shortwave and more outgoing longwave radia- 
tion at the top of the atmosphere than the global energy budget 
of Earth including all cloud types. In this study, we focus on 
the effect of high and low-level clouds on the reflection spectra, 
corresponding to the model introduced in Paper I. These cloud 
types represent the extreme cases for the cloud effects on the r e- 
flection spectra. The observations of e.g. lTinetti et al.l d2006allbh 
have shown that the effects of mid-level clouds on the reflec- 
tion spectra of Earth are between these two extremes. Therefore, 
the important range of cloud effects on the reflection spectra are 
covered in our study of extrasolar planetary atmospheres. 

The corresponding spectra covering the wavelength range 
from the near UV to the IR are shown in Fig. [2] For a better 
visualisation, the IR part of the spectrum has been multiplied by 
a factor of 5. In the visible range (< 4 /mi) the spectrum is a 
reflection spectrum due to back-scattered, and partly absorbed, 
incident solar radiation. The emission spectrum in the IR wave- 
length range originates from the thermal emissions of the plane- 
tary surface and the atmosphere, affected by absorption and also 
scattering in the presence of clouds (see Paper II for details). 

The number of chemical species visible in a low-resolution 
spectrum is rather small. In the IR range, CO2 (~ 15 /mi), H2O 
(vibrational and rotational at 5 - 8 /mi and > 15 /mi), and the 
9.6 //m O3 band can be seen at low resolution. The NUV-NIR 
range allows for the detection of O2, H2O, and in principle also 
O3 (see Fig.|2|. Several H2O bands can be found in the reflection 
spectrum at for instance ~ 0.95 /mi, ~ 1.1 /mi, and ~ 1 .4 //m. 
The small Fraunhofer A-band of O2 is visible at 0.76 //m. In 
principle, the broad Chappuis band of O3 (0.55 - 0.70 /mi) is 
also present, which, however, cannot be directly seen in the cal- 
culated low-resolution reflection spectrum of Earth (see Fig. 2 
of Paper I for the atmospheric profiles of chemical species). 
While for instance a spectral resolution of R — 20 is suffi- 
cient to detect the O3 absorption band at 9.6 //m in the IR (see 
iKaltenegger & Selsisll2009l) . it has to be R > 50 for the detection 
of O2 at 0.76 /mi in the reflection spectrum. We note that O3 and 
O2 are considered to be the most important potential biomarkers 
for Earth-like planets. 
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Fig. 3. Planetary albedos at the top of the atmosphere of the Earth 
model from near UV to IR wavelengths. The dashed line cor- 
responds to the clear sky case, and the solid line indicates the 
results for a mean Earth cloud cover (39.5% low-level clouds, 
15% high-level clouds, 7% overlap of both cloud layers). 



Since reflection spectra depend on the incident radiation, the 
wavelength dependent planetary albedos are often analysed in 
this wavelength region. They are defined by 



A j = 



(1) 



where F p j is the outgoing spectral flux of the planetary atmo- 
sphere and F s j is the stellar spectral flux incident at the top of 
the atmosphere (see Fig. Q]). For Earth, these albedos are usu- 
ally obtained from earthshine observations, i.e. by measuring the 
spectra of the Earth reflected by the lunar surface. The albedos 
provide information on the atmospheric composition excluding 
the direct influence of the spectral energy distribution of the inci- 
dent solar radiation. The planetary albedos related to the reflec- 
tion spectra of Fig.[2]are shown in Fig. [3] The albedo is increased 
by nearly a factor of three in the VIS caused by clouds. Water 
droplets and ice cloud particles have an almost constant single 
scattering albedo of 0.8 throughout the whole VIS-NIR wave- 
length range (see Fig. 1 in Paper I) and are, therefore, highly 
reflective. In addition, with an optical depth (at 0.6 yum) of 4.7 
and 2.2, respectively, their effect on reflected incident solar ra- 
diation is huge. The (mean) surface albedo of Earth is about 
~ 0.1, while the (temp oral) average planeta ry Bond albedo is 
about ~ 0.3 (see e.g. iTrenberth et alj d2009l) ). Without clouds 
the planetary surface would be the major cause of the scattering 
of incident radiation in the visible wavelength range (neglect- 
ing the Rayleigh scattering), hence the planetary albedo would 
be more or less equal to the surface albedo if no clouds were 
present. The difference of a factor of three between this clear- 
sky albedo and the measured mean Earth albedo results from the 
increased reflection of incident solar radiation by clouds. Thus, 
the mean Earth cloud cover yields an increase of nearly 300% in 
the planetary albedo. With 100% low-level clouds, this increase 
would be even larg er as demons t rated u sing observations and 
synthetic spectra by iTinettie t al. (2006a). In contrast to reflec- 
tion spectra, the absorption bands of O2 and H2O can be more 
easily identified in the calculated albedos. This is especially true 
for the broad Chappuis band of O3, which is not visible in the 
low-resolution refle ction spectra. With earthshine observations, 
iTurnbull et all (l2006h were able to detect these H2O bands, as 
well as the absorption bands of O3 and O2. 

As already discussed in Paper II, clouds lead to an overall 
decrease in the outgoing IR flux and a dampening of spectral 
absorption features in the thermal emission spectrum. In par- 



ticular, the O3 band is strongly affected, while other molecular 
bands, such as CO2, show only minor changes. This is a direct 
consequence of the IR radiation being trapped in the lower atmo- 
sphere by the high-level clouds, in combination with the lower 
surface temperatures caused by the albedo effect of the low- 
level clouds (see Paper II for a detailed discussion on these ef- 
fects). At shorter wavelengths, clouds have the opposite effect as 
clearly shown in Fig. [2] They increase the planetary albedo and, 
therefore, the amount of back-scattered solar radiation leading to 
deeper molecular absorption bands, as can be directly inferred 
from Figs. [2] and [3] in case of the O2 A-band. The correspond- 
ing radiation flux profiles illustrating in detail these effects are 
shown in Fig. 5 of Paper I. 

The impact of clouds on the reflection spectra and spectral 
albedos of Earth was pr eviously studied wi th observations and 
synthetic spectra by e.g. lTinetti et a l. (2006a b), who used a line- 
by-line radiative transfer code to calculate the synthetic spec- 
tra. They found an increase in the spectral albedo in the visi- 
ble wavelength range of 500% at full cloud coverage (e.g. in- 
crease in the clear-sky albedo from 0.06 to ~0.3 at full cloud 
cover over the Pacific Ocean). Their observations and the sim- 
ulated spectra confirmed that clouds lead to an overall increase 
in back-scattered radiation in the visible and NIR wavelength 
ranges. This also resulted in considerably deeper absorption 
bands, such as O?, especi ally in the presence of low-level clouds. 
Kalteneg ger et alj ([2007) studied the spectrum of Earth at differ- 
ent epochs. In their VIS-NIR mid-resolution spectra (R = 70) 
of the epoch corresponding to present Earth conditions, the ma- 
jor observable molecules are H2O, O2, and O3, whereas for CH4 
and CO2 no significant absorption features were detected which 
agrees with our findings (see Figs.|2]and[3]). 

In contrast to the previous line-by-line radiative transfer 
studies yielding (only) high-resolution spectra, we directly take 
the impact of clouds into account in the atmospheric model. 
Consequently, in this study the presence of clouds in the atmo- 
spheres of Earth-like extrasolar planets is not only affecting the 
resulting planetary spectra but also the calculated atmospheric 
structures. 

The two-stream radiative transfer of the plane-parallel at- 
mospheric model used in our study directly calculates disk- 
averaged spectra. It is therefore unable to take into account the 
different observational setups (e.g. satellite viewing angle, par- 
tial illuminated Earth etc.) that would be n ecessary for a direc t 
comparison with the Earth observations of lTinetti et alJ (12006a). 
A realistic quantitative comparison with observed Earth spec- 
tra would require a more advanced radiative transfer model. 
However, our low-resolution spectra and spectral albedos show 
a good qualitative agreement with these observations in terms of 
detectable molecules, viz. the strong absorption bands of H2O in 
the VIS, the Fraunhofer A-band of O2, and the C happuis band 
of O3. O wing to the high resolution of their spectra. iTinetti et ail 
(2006a) were also able to identify the weak Fraunhofer B-band 
of O2, which, however, is too narrow and too weak to be observ- 
able at low resolution. Our results al so agree with the pri nciple 
radiative effects of cloud s reported by Tinett i et"a"D (l2006alfbT) and 
iKaltenegger et alj ((2007), namely that they cause an increase in 
scattered radiation and depths of absorption bands. Our simpli- 
fied radiative transfer model is therefore suitable for studying the 
basic effects of the considered two cloud types on the reflection 
spectra of Earth-like extrasolar planets. 

The present study is focused on the effect of water and 
ice clouds in Earth-like planetary atmospheres. Given a present 
Earth-like chemical composition of the atmosphere, only the 
molecules O2, H2O, and in principle also O3 have detectable 
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Fig. 4. Reflection spectra influenced by single low-level clouds (left diagram) and high-level clouds [right diagram). The resulting 
spectra are shown for each stellar type and four different coverages of the respective cloud type (solid lines: 0%; dashed lines: 30%; 
dotted lines: 70%; dashed-dotted lines: 100%). The planetary surface temperatures resulting from these cloud covers are given in 
parenthesis. 



features in the NUV-VIS wavelength range at low res olution. 
However, as pointed out bv lKaltenegger & S elsis (2009) CO2 or 
CH4 should also be visible at low resolution if their abundances 
in the atmosphere were increasecQ. During a n earlier epoch of 
the Ea rth, CH4 might have been visible (see iKaltenegger et al.l 
(2007)), whereas CO2 could be observed in the NIR of the re- 
flection spectrum of a CO2 dominated atmosphere such as Venus 
(IVasquez et al.ll2010h . 

The effect of other cloud types (such as CO2 ice clouds) de- 
pend in general on their optical properties (scattering phase func- 
tion, scattering and absorption coefficients, and optical depths), 
which can be very different from those of the water and ice 
clouds considered here. These properties, though, are compli- 



2 iTurnbull et aL (2006) were able to identify CO2 and CH4 absorp- 
tion features in their high-resolution spectrum obtained from earthshine 
observations which, are, however, invisible at low resolution. 



cated functions of particle size distribution, refractive indices, or 
particle shape, which in turn depend strongly on the atmospheric 
conditions. The effects of clouds on a reflection spectrum are 
also largely determined by the cloud altitude within the atmo- 
sphere. Only spectral features originating from molecules above 
the cloud layer(s) can be enhanced in the reflection spectra by the 
increase in back-scattered radiation caused by cloud particles. 

4. Reflection spectra of cloudy Earth-like extrasolar 
planetary atmospheres 

We now study the effects of single and multi-layered clouds on 
the reflection spectra and spectral albedos of Earth-like extraso- 
lar planets orbiting different types of central stars. To illustrate 
the basic effects of the two different cloud types on the reflec- 
tion spectra and planetary albedos, we first present calculations 
using only single cloud layers. We then discuss the correspond- 
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ing effects of multi-layered clouds yielding mean Earth surface 
temperatures of 288 K. 

4.1. Single high-level ice and low-level water droplet clouds 

For each stellar type we calculated low-resolution reflection 
spectra of Earth-like planets for single low-level water and high- 
level ice clouds. In Fig. [4] we depict the resulting spectra for three 
representative cloud coverages (30%, 70%, and 100%) and the 
respective clear sky cases. This shows that clouds have a strong 
impact on the reflection spectra by increasing the amount of re- 
flected incident stellar radiation due to the scattering of cloud 
particles and leading to deeper molecular absorption bands, such 
as O2 and H2O. The reflection spectra depend directly on the 
spectral energy distribution of the incident stellar radiation. The 
incident stellar spectra, therefore, determine the spectral signa- 
tures that can be found in the reflection spectra. 

In case of the M-type star, for example, only the H2O ab- 
sorption features (~ 0.95 /mi, ~ 1.1 /mi, ~ 1.4 /mi, and ~ 2 /mi) 
can be seen at low resolution. In contrast, these bands are al- 
most invisible for the F-type star spectrum because this stel- 
lar type emits very little in that wavelength region (see Fig. [TJ. 
The K-type star is particularly interesting because of its spectral 
maximum near the Chappuis band of O3 at 9.6 /mi. Therefore, 
this is the only case where ozone can be directly detected in the 
low-resolution reflection spectra for high cloud covers. For large 
cloud coverages the O2 signature at 0.76 /mi can also be identi- 
fied in the spectra for all types of central stars with the exception 
of the M-star case. 

In general, the low-level water clouds have a larger overall 
effect on the reflection spectra than the high-level ice clouds^ 
because of their much higher scattering optical depth. Since the 
optical depths of both clouds is almost constant in the wave- 
length range of the maxima of the incident stellar radiatiorfl (i.e. 
A < 2/mi), clouds basically scatter the incident stellar radiation 
without changing its spectral distribution, in contrast to the effect 
of Rayleigh scattering. The Rayleigh scattering by molecules re- 
sults in the well-known blue shift of the reflected light caused 
by the A -dependence of the Rayleigh scattering cross-section. 
For small cloud coverages this effect dominates the reflection 
spectra. 

Figure[5]also shows that in the M-star case considerably less 
radiation is back-scattered, even though the overall energy input 
is the same at the top of the planetary atmospheres for all central 
stars. This is a direct consequence of the /independence of the 
Rayleigh scattering. For longer wavelengths, Rayleigh scattering 
becomes inefficient leading to much less back-scattered incident 
stellar radiation for the M-type star (maximum of stellar spec- 
trum at about 1 /mi, see Fig.[TJ than for instance the F-star case 
(maximum at ca. 0.4 /mi). 

The planetary albedos presented in Fig. [5] have been cal- 
culated for the same cloud cover scenarios as in Fig. |4] For 
presentational reasons, the results for all four stellar types are 
plotted here in a single diagram for each cloud coverage. For a 
given cloud cover, the planetary albedos are obviously almost 
independent of the spectral energy distribution of the incident 
stellar radiation in contrast to the reflection spectra (cf. Fig. 0J. 
They depend mainly on only the atmospheric chemical compo- 
sition and the optical properties of the cloud particles. The mi- 
nor differences in the depths of the water bands are caused by 

3 Note the same axis scaling in Fig. [4] 

4 The detailed optical properties of both cloud types are given in Fig. 
1 of Paper I. 



the different temperature profiles and surface temperatures (see 
Paper II for the corresponding temperature profiles), which de- 
termine the water content in the convective region of the lower 
atmosphere by the relative humidity distribution according to 
iManabe & Wetheraldld 19671) . 

The planetary albedos are increased by a factor of up to eight 
in the near IR and up to five in the visible wavelength region rel- 
ative to the clear sky cases. With a factor of about 1.2, this in- 
crease is much smaller in the near UV. This is directly correlated 
to both the optical properties of the cloud particles, which show 
a clear decline in the optical depth, and to the more dominating 
Rayleigh scattering in the near UV wavelength region. 

In all clear sky cases, the pronounced H2O bands are almost 
the only ones visible. With increasing cloud coverage of either 
cloud type, the depths of the molecular absorption bands are 
strongly enhanced for all types of central stars. This includes in 
particular the absorption bands of the biomarkers O2 at 0.76 /mi 
and the Chappuis band of ozone (0.55 - 0.70 /mi). This broad 
absorption band of O3 becomes noticeable for cloud coverages 
larger than 30% but is indistinguishable in the low -resolution re- 
flection spectra with the exception of the K-type star. 

As already discussed, low-level clouds have a larger effect on 
the planetary albedo than high-level ones because of their higher 
optical depth, as can clearly be inferred from Fig. [5] 

In the following subsection, we extend the study to the com- 
bined effects of both cloud layers. We focus, in particular, on 
the subset of the model scenarios that can reproduce mean Earth 
surface conditions (i.e. surface temperatures of 288 K). As dis- 
cussed in Paper I, several combinations of cloud covers of high 
and low-level clouds can yield this mean Earth surface tempera- 
ture because of the combination of the differing radiative effects 
of the cloud layers. 

For each stellar type, we calculated the spectra for three rep- 
resentative cloud cover scenarios. The cloud cover combinations 
were chosen to ensure that the possible minimum and maximum 
cloud coverages are considered for which this particular surface 
temperature can be obtained. In addition, one intermediate cov- 
erage combination has been chosen for each star case. The re- 
spective subset of models for which the corresponding spectra 
are pre sented in this section is identical to the one used in Paper 
II (see Kitzm ann et al.l (1201 lh for details). Even though in all 
of these cases the surface temperatures are identical (288 K), 
the different amounts of cloud coverages of the two cloud types 
and the differences in the spectral energy distribution of the inci- 
dent stellar radiation lead to interesting changes in the planetary 
reflection spectra. In Fig. [6] the resulting reflection spectra are 
summarised. The corresponding planetary albedos and the con- 
trast values between the emissions of the central stars and the 
planetary reflection spectra, given by the expression 

C=A^) 2 (2) 

where the radius of the planet is R p and the distance of the planet 
to its host star is d (see Sec.|2|, are shown in Fig. [7j 

4.2. Effects of multi-layered clouds 

As discussed in Sect. 14.11 the principle effects of clouds on the 
reflection spectra are the increases in both the reflected light and 
the related depths of absorption bands. However, owing to the 
different cloud covers needed to obtain mean Earth surface tem- 
perature conditions the strength of these effects is different for 
each central star. 
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For example, the reflected radiation flux of the F-type star 
varies by about a factor of three between the minimum and max- 
imum cloud coverage. However, the reflection of light from the 
planet around the M-type star varies only slightly between its 
minimum and maximum cloud covers. This is caused by the dif- 
ferent cloud cover combinations required for the F star case and 
the M-type star to reproduce the global mean Earth surface tem- 
perature. For the M-type star, a large minimum coverage of low- 
level clouds is needed to cool the surface, whereas the required 
minimum high-level cloud cover is quite small in the F star case. 

As already mentioned, a wavelength-dependent albedo al- 
lows the detection of molecular absorption bands almost inde- 
pendently of the spectral energy distribution of the incident stel- 
lar radiation. The deep and broad bands of H2O are again visi- 
ble in each case (Fig. |7J. However, the O3 band is not directly 
detectable in case of the smallest amount of clouds for the F 
(9% high-level cloud cover) and G (19% low-level cloud cover) 



stars. Owing to the large amount of low-level clouds needed to 
reproduce the mean Earth surface temperature observed, the ab- 
sorption bands of the biomarkers O3 and O2 can be seen for the 
M-type and K-type stars for every considered combination of 
cloud covers. 

The second axis on the right hand side of Fig. Q shows in 
addition the contrast Cx between the reflected planetary and in- 
cident stellar radiation fluxes. The ratio between the radiation 
fluxes of the planet and the central star is quite small because 
of the much higher stellar luminosities compared to the plane- 
tary reflection spectra. In the clear sky cases, the contrast varies 
between 10~ 10 for the F-type star and 10~ 8 for the M-type star 
because the luminosity of the F-type star is much higher than 
that of the M-type star. The Earth-like planet around the M star 
is in addition located much closer to its host star as discussed in 
Paper I. 
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Clouds do increase the contrast by about one order of magni- 
tude owing to the already discussed enhancing scattering effects. 
However, the resulting higher contrast values (10~ 9 F-type star 
- 10~ 7 M-type star) are still very small. Therefore, it is unlikely 
that these reflection spectra could be measured by the current 
generation of telescopes, even for the extremely high contrasts 
produced by clouds. 

5. Summary 

We have combined a ID radiative-convective atmospheric model 
with our previously developed parametrised cloud description 
(Paper I) to study the influence of low and high-level clouds on 
the reflection spectra and spectral albedos of Earth-like extraso- 
lar planets orbiting different types of central stars. 

In view of habitability NUV-NIR reflection spectra are of 
particular importance for the (possible) detection of the most im- 



portant potential biomarker molecules O2 and O3 (Fraunhofer A- 
band at 0.76 /urn and the Chappuis band at 0.55 - 0.70 yum). The 
detectability of molecular features in this wavelength regime is 
strongly supported by the presence of clouds. Their high scatter- 
ing efficiency substantially increases the reflected light and the 
related depths of the absorption bands, in comparison to the re- 
spective clear sky conditions where only the broad bands of H2O 
are visible. Low-level clouds have thereby a larger impact on the 
spectra than the high-level clouds because of their much higher 
scattering optical depth. 

However, the visibility of chemical species in low-resolution 
reflection spectra also depends strongly on the spectral spec- 
tral distribution of the incident stellar radiation, i.e. on the type 
of central star. The reflection spectrum of an Earth-like planet 
around the M-type, for example, displays no O3 or O2 feature 
owing to the lack of incident stellar radiation in the respective 
wavelength range. Only in case of the K-type star can the O3 
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Chappuis-band be seen directly in the low-resolution reflection 
spectra at high cloud coverages. 

In contrast to the case of reflection spectra, the spectral plan- 
etary albedos enable molecular features to be detected, exclud- 
ing the direct influence of the spectral distribution of the stel- 
lar radiation. In particular, we investigated the impact of multi- 
layered clouds for cloud cover combinations yielding global 
mean Earth surface temperatures of 288 K for each stellar type. 
Owing to the large amount of low-level clouds necessary for this 
surface temperature, the absorption bands of O3 and O2 are no- 
ticeable in the low-resolution spectral albedos for K and M-type 
star cases, whereas O3 is not detectable at low cloud coverages 
yielding mean Earth surface temperatures for F and G-type star 
spectra. 

Owing to the much higher stellar luminosities compared to 
the reflected light from the planet, the ratios between the radia- 
tion fluxes of the planets to their respective central stars are quite 
low at clear sky conditions (from 1CT 10 (F-star) up to 1CT 8 (M- 
star)). Clouds increase this contrasts by about one order of mag- 
nitude but the resulting contrast ratios are still too small to be 
observable with the current generation of telescopes. However, 
investigating the polarised radiation scattered by clouds in com- 
parison to the unpolarised stellar radiation may provide an op- 
portunity to characte rise cloudy exoplanetary atmospheres in the 
not so far future (see Stam 2008, and references therein for more 
details). 
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